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Abstract. In this article, we report on the simulation and realization of a magnetic circuit allowing to apply
an axial magnetic field higher than 1 Tesla. The proposed electromagnet is used to investigate the influence
of a magnetic field on the polarization behavior of a vertical-cavity-surface-emitting laser (VCSEL). A non-
linear polarization behavior can be experimentally observed for currents as low as the threshold current,
provided that the magnetic field is strong enough.
PACS. 41.20.Gz Magnetostatics; magnetic shielding, magnetic induction, boundary-value problems –
42.55.Px Semiconductor lasers; laser diodes – 42.25.Ja Polarization
1 Introduction
In the field of microsystems, the use of electric or magnetic
fields for excitation or detection is common, and in most
cases the required levels are relatively low. More partic-
ularly, for the generation of magnetic fields at this scale,
microfabrication techniques are used to make micro-coils
[1–4] with ferromagnetic cores. Yet, when it comes to gen-
erate a local magnetic field of about 1 Tesla, this type of
techniques reach their limits and it is therefore necessary
to develop a specific system in this context. We propose
in this article the study and implementation of an electro-
magnet allowing for the generation of local magnetic fields
up to 1 Tesla. We use this specific device as part of a study
on the effect of an axial magnetic field on the polarization
properties of a vertical-cavity surface-emitting laser (VC-
SEL). Several experiments actually show that the light
generated by VCSELs exhibits a large variety of polariza-
tion behaviors [5–7]. Some papers discuss the effect of an
axial magnetic field on the polarization behavior of VC-
SELs from a theoretical point of view, but there is only a
single report on related experimental results [8]. The mo-
tivation of this paper is rooted in the progress concerning
the understanding of this effect, a future step being to use
these results in metrology, as the very long life time and
the high coherence length (around 10 m) of VCSELs are
very promising in this area.
2 Electromagnet
2.1 Presentation of the magnetic system
We aim at an electromagnet producing a local magnetic
field about 1 Tesla in the beam propagation direction. To
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localize the magnetic field on the VCSEL, we designed a
magnetic circuit based on 2500-turn coil with two conic
poles. One of the poles was pierced to allow the VCSEL
laser beam to go through. An important criterion to take
into account to achieve such an electromagnet is that the
laser beam has a divergence of about 20 degrees. There-
fore, we have to adapt the dimensions of the hole in order
not to block off the beam. The VCSEL was then mounted
on a circuit board, along with the two conic poles, the
distance between the two cones being set to 2 mm to be
able to insert easily the VCSEL. The complete electro-
magnet is thus contained in a volume of 60×60×20 mm3.
A schematic of the complete electromagnet design is dis-
played in Figure 1.
Fig. 1. Representation of the electromagnet
The exact dimensions of the electromagnet air gap are
detailed in Figure 2. h and s are respectively the cone
height and the tip radius. The radius of the base B is set
at 10 mm. These three parameters condition the half-angle
α of the cone. The second cone is pierced by a cylinder (ra-
dius r and length of 1 mm), by a cone (height (h-1 mm),
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cone tip radius r and fixed base radius R equal to 5 mm)
and finally by another cylinder (height H and radius R).
This geometry allows us to handle the issue of the VC-
SEL divergence. In the next paragraph, we will focus on
the influence of the h, s and r parameters on the spatial
distribution and intensity of the magnetic field Bz in the
air-gap.
Fig. 2. Zoom of the magnetic circuit. s is the radius of the
two cone tips, h is their height and r is the hole radius.
2.2 Magnetic simulation
Simulations of this magnetostatic problem were carried
out with CST ElectroMagnetic Studio. This commercial
software is part of a suite based on the Finite Integra-
tion Technique (FIT) and the Perfect Boundary approxi-
mation PBA(TM) [9–11]. The FIT discretizes the integral
form of Maxwell’s equations, rather than the differential
one, on a pair of dual interlaced discretization grids. The
PBA(TM) allows us to avoid the disadvantage of the stair-
case approximation of complex boundaries (for instance
cone-shaped boundaries).
In our analysis, the current of the coil is noted Ib. We
choose a maximum current Ibmax of 500 mA to avoid tem-
perature problems in the coil. The experiments reported
here were performed at a value of 250 mA. Figure 3 shows
the intensity of the field Bz along the x axis (at z = 1 mm)
for two different shapes of magnetic circuit. The curve
with open circles corresponds to a geometry composed of
two cylinders (h = 5 mm, s = 10 mm and r = 1 mm),
while the curve with solid circles corresponds to a geom-
etry composed of two cones (h = 5 mm, s = 1.5 mm and
r = 0.5 mm).
As expected, the magnetic field along the x axis is more
localized for the geometry based on the cones than when
using cylinders. There is no change in the magnetic field
intensity Bz at the center of the air gap. This can come
from two opposing effects. On the one hand, the magnetic
field lines are focused by the geometry of the cone, but
on the other hand, there is more magnetic energy that
escapes from the loop.
At the center of the air gap, the field value changes
with the geometry of the cones as shown in Figure 4 which
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Fig. 3. Intensity of the magnetic field Bz along the x axis (at
z = 1 mm) for two different shapes of magnetic circuit. Open
circles : two cylinders; solid circles : two cones.
shows the evolution of the field intensity Bz on the z axis
for different values of s. The other parameters used are
h = 5 mm and r = 0.4 mm. The hole drilled to allow the
beam output has a significant influence on Bz. It result in
an asymmetric behavior (along the z axis): the field Bz is
higher towards z = 0 than towards z = 2 mm. Conversely,
when the variable s is between 1 and 10 mm (s = 10 mm
corresponding to the case of cylinders), changes are neg-
ligible. For s ≥ 1 mm, the magnetic field remains almost
constant in the first half of the air-gap (0≥ z ≥ 1 mm).
However, Figure 4 shows that the intensity of Bz decreases
when z becomes larger than 1 mm and is even reduced to
approximately 50% of its value at z = 2 mm.
If we want to localise the field by reducing the value
of s (s = 0.5 mm), the behavior of the curve is different
and the field is no longer constant in the first region of the
air gap. At the center of the gap, there is also a decrease
of Bz by approximately 10%. Using different values of h
(from 3 to 7 mm) little change is observable.
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Fig. 4. Intensity of the magnetic field Bz along the z axis for
increasing values of s with r = 0.4 mm and h = 5 mm.
Figure 5 shows the intensity of the field Bz as a func-
tion of the hole radius r for s = 0.5 mm. We can see
that there is little influence of r on Bz for z < 1.5 mm.
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For z > 1.5 mm, the field Bz decreases with increasing
r. As expected, when r decreases, the curve tends to be
symmetrical. However, when r = 0 (no cylinder but still a
cone-shaped hole) the magnetic field greatly increases near
the second cone, showing that the hole concentrates the
magnetic field Bz. Without the hole the curve is logically
symmetrical. In the case of s = 1.5 mm (not represented
here), a similar trend can be observed, but the decrease
in Bz for r ≥ 0.15 mm is not as pronounced.
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Fig. 5. Intensity of the magnetic field Bz along the z axis for
increasing values of r with s = 1.5 mm.
To fabricate our electromagnet, we chose the following
parameter values: h = 5 mm, s = 1.5 mm and r = 0.5 mm.
As the effect of h is indeed negligible, its value was set
to 5 mm in order to relieve the fabrication constraints.
Setting s= 1.5 mm allows localizing the field while keeping
it constant in the first half of the air gap. r = 0.5 mm has
been chosen as it can be easily pierced. The VCSEL was
then be placed at the centre of the gap.
With a maximum current Ibmax = 500 mA, we get a
magnetic field around 800 mT. This value is below the
desired one, which is 1 Tesla. For that reason, we also
used another design composed this time of two coils. The
design is the same with the same parameters for the gap
except for the magnetic circuit that is longer, hence al-
lowing to place two coils. This has enabled us to exceed
1 Tesla. However, we observe that the magnetic field be-
gins to saturate, as indicated in the following section.
2.3 Comparison between simulations and experiments
The measurement of the magnetic field Bz is performed
with a gaussmeter. The probe is 1.5 mm thick and the
sensor is located in the middle of the probe. Figure 6 com-
pares simulation results and experimental measurements
by representing the evolution of Bz as a function of current
Ib. It shows a good agreement between the simulations and
the measured field.
As mentioned earlier, to obtain a magnetic field Bz
larger than 1 Tesla, we made another electromagnet. With
the same cone-shape but exhibiting an extra coil. The
overall volume of the electromagnet is now 60×100×40 mm3,
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Fig. 6. Intensity of the magnetic field Bz at z = 1 mm as
a function of the coil current Ib for a single coil. Solid curve:
simulation results; Solid circles: experimental measurements.
which remains under the maximum desired dimension.
Figure 7 compares the evolution of Bz (with two coils) as
a function of current Ib for simulation results and experi-
mental measurements. Once again, it shows a good agree-
ment between the simulations and the measured field.
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Fig. 7. Intensity of the magnetic field Bz at z = 1 mm as a
function of the coil current Ib for two coils. Solid curve: simu-
lation results; Solid circles: experimental measurements.
3 Application to VCSEL
3.1 Background theory
A VCSEL is composed of two distributed Bragg reflectors
(DBR) separated by an active layer. The active region
consists of one or several quantum wells allowing for laser
light generation. A four-level model has been developed
by San Miguel, Feng and Moloney [16] which takes into
account the polarization of the laser field by including
the spin sublevels of the conduction and valence bands
of a semiconductor. Travagnin et al. [19] have extended
the model to include the effect of a magnetic field. This
model treats the quantum-well gain medium as a four-level
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medium: right circularly polarized light E+ corresponds
to the transition from Jz = -1/2 to Jz = -3/2 and left
circularly polarized light E− correspond to the transition
from Jz = 1/2 to Jz = 3/2. The total population between
the conduction and the valence band has a decay rate γp
due to spontaneous emission and γj is the spin-mixing rate
and account for the mixing of the population associated
with right and left circularly polarized emission.
The global laser dynamics is described by the time
evolution of the mean fields E± and of the carrier densities
D±:
E˙± = −κ[(1− iα)(1−D±)E± + (ǫl + ıσl)E∓
±(ǫc + ıσc)E±]
(1)
D˙± = −γp[(1 + |E±|
2
)D± +
γj
γp
(D± −D∓)− (1 + β)]
where κ is the cavity decay rate; ǫl and σl are the linear
amplitude and phase anisotropy; ǫc and σc are the circular
amplitude and phase anisotropy and β is a normalized
pumping parameter equal to zero at the lasing threshold.
To study the polarization properties of VCSEL gen-
erated light, it is useful to consider separately the ampli-
tudes and phases of the fields, writing
E+ = |E+| exp(−ıφ+) (2)
E− = |E−| exp(−ıφ−) (3)
and to introduce the ellipticity angle
χ = arctan
|E+| − |E−|
|E+|+ |E−|
, −
π
4
< χ <
π
4
(4)
3.2 Experimental setup
We used a single-mode VCSEL operating at 850 nm, dis-
tributed by Avalon Photonics. The total dimension of the
VCSEL chip (electrical contacts included) is 230 µm ×
280 µm. The electrical contact has a diameter of 80 µm.
The VCSEL chips are glued with silver paste on a thin
printed circuit board serving. The advantage of using these
VCSELs lies in their large linewidth equal to 30 MHz
which allows their use in metrology.
In our experiment, the injection current I is varied
between 1.1 Ithr and 1.8 Ithr with Ithr = 2.8 mA. The
resulting optical power hence ranges from 0.3 to 0.6 mW.
Under these conditions, the TEM00 mode is present. At
zero magnetic field (Bz = 0 T), two peaks separated by
about ∆v = 12 GHz are visible in the optical spectrum.
This may be caused by a birefringence effect due to the
cavity anisotropy of the VCSEL resulting from the manu-
facturing process [12,13]. The higher-frequency peak cor-
responds to the lasing mode and the lower-frequency peak
corresponds to spontaneous emission in the orthogonal po-
larization mode.
The VCSEL is then put between the two poles of the
electromagnet (see Fig. 8). A lens is positioned after the
Fig. 8. Experimental set-up
electromagnet to collimate the laser beam. To analyse the
ellipticity of the lasing mode, we use a combination of a
quarter-wave plate and a polarizer. The polarizer is used
to select a privileged axis to determine the behavior of the
ellipticity angle as a function of the magnetic field.
3.3 Experimental results: influence of the field on the
VCSEL
The higher-frequency peak, corresponding to the laser mode,
has a polarization with a small ellipticity angle 2χ ≤ 0.06 rad.
Figure 9 shows the ellipticity angle for I = 1.1 Ithr as a
function of the magnetic field Bz (Ib = 100, 200, 300, 400
and 500 mA). The values of Bz used here were obtained
from the measurements reported in Figure 6.
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Fig. 9. Ellipticity angle 2χ as a function of magnetic field Bz
for injection current I = 1.1 Ithr.
The experimental curve can be divided into two dis-
tinct regions (above and below Bz = 500 mT). Both ex-
hibit a linear behavior, though with different slope an-
gles. The overall behavior is hence nonlinear. Under the
same experimental conditions, Jansen Van Doorn et al. [8]
also observe a linear variation of the ellipticity angle for
Bz < 500 mT, i.e. in region 1, but with a lower slope,
meaning that the influence of the field Bz on χ is less
significant. The presented results can be explained by the
value of the birefringence (12 GHz) which is about twice
as large. For stronger magnetic fields (Bz > 500 mT), re-
gion 2 also shows another linear behavior with a higher
slope.
A parameter usually employed in the literature to quan-
tify the influence of a magnetic field on the polarization
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in VCSELs is the Verdet constant defined by:
V =
n
c
κσl
∂(2χ)
∂B
(5)
Taking n= 3.5 for the average value of the refractive index
and κ = 1.1012 [15,14], we obtain 0.808 rad.cm−1.T−1 for
the first region and 1.479 rad.cm−1.T−1 for the second. As
a comparison, Jansen et al. measured a Verdet constant
of 0.97 rad.cm−1.T−1 for Bz < 500 mT, i.e. in region 1.
Similar experiments were carried out taking I = 1.8 Ithr.
The ”nonlinear” effect observed in Figure 9 is accentuated
with increasing injection current I. Figure 10 shows the
ellipticity angle for I = 1.8 Ithr as a function of the mag-
netic field Bz (Ib ranging from 0 to 1000 mA with 100 mA
steps). Bz was obtained from the measurements reported
in Figure 7. We observe that the bifurcation point, located
between the two regions, moves towards the origin when
the injected current increases. The reason is attributable
to the saturation of E+ (right polarization) and E− (left
polarization). As in the previous case, for stronger mag-
netic fields, i.e. for Bz > 500 mT, the behavior remains
linear, with a Verdet constant equal to 1.1 rad.cm−1.T−1.
However, the difference between the slopes at an injection
current of I (1.1 Ithr and I = 1.8 Ithr) respectively is
approximately 25% for the highest values of Bz.
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Fig. 10. Normalized ellipticity angle 2χ as a function of mag-
netic field B for injection current I = 1.8 Ithr.
The results displayed in Figures 9 and 10 can allow us
to retrieve the circular phase anisotropy. From the simpli-
fied model presented in [8]:
E˙± = κ
(
± ıσc(B)E± − ıσlE∓
)
(6)
with the eigenvalue tan(2χ) = ±σc/σl. It is therefore pos-
sible to determine σc(B). The obtained values of the circu-
lar anisotropy can be used to evaluate the influence of the
injection current on the ellipticity. σc can be reinjected
in the theoretical model (1), in order to determine the
theoretical values of tan(2χ). To do this, we use the fol-
lowing parameters: σl = πκ∆v = 0.037, γp = 10
9 s−1,
γj = 10
11 s−1 [17,18], α = 3, β = 0.1 and ǫl = ǫc = 0.
For I = 1.1 Ithr, the difference between the theoretical
and experimental results is about 6%. For I = 1.8 Ithr (ie
β = 0.8) the difference is greater and is about 30%. These
experimental investigations show the limits of the theo-
retical model in the case of high injection currents and
demonstrate that an extended study is necessary to fully
account for the observed nonlinear behavior.
4 Conclusion
We have described in this article the study, the simulation
and the development of a specific electromagnet that can
generate a local magnetic field higher than 1 Tesla. This
magnetic circuit allowed to investigate the polarization
behavior of VCSELs in the presence of an axial magnetic
field. The experimental results showed that the depen-
dence of this behavior on the magnetic field is non-linear,
which can be observed for currents a low as the threshold
current if the applied field is higher than 0.5 Tesla. This
effect becomes more significant with increasing current.
These experimental results are potentially interesting for
the scientific community working in this area, since most
of the reported works in this field remain limited to theo-
retical investigations. More generally, we believe that this
study of a specific electromagnet for local scale generation
of magnetic field can be useful for the characterization or
excitation of MEMS.
The authors wish to express their thanks to S. Benchabane
and D. Vernier for many stimulating discussions. This work is
supported by La re´gion de Franche-Comte´ of France.
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